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Lipid droplets (LDs) are intracellular organelles found in a wide
range of organisms and play important roles in stress tolerance.
During nitrogen (N) starvation, Chlamydomonas reinhardtii stores
large amounts of triacylglycerols (TAGs) inside LDs. When N is
resupplied, the LDs disappear and the TAGs are degraded, presum-
ably providing carbon and energy for regrowth. The mechanism
by which cells degrade LDs is poorly understood. Here, we isolated a
mutant (dth1-1, Delayed in TAG Hydrolysis 1) in which TAG degra-
dation during recovery from N starvation was compromised. Conse-
quently, the dth1-1 mutant grew poorly compared to its parental
line during N recovery. Two additional independent loss-of-function
mutants (dth1-2 and dth1-3) also exhibited delayed TAG remobili-
zation. DTH1 transcript levels increased sevenfold upon N resupply,
and DTH1 protein was localized to LDs. DTH1 contains a putative
lipid-binding domain (DTH1LBD) with alpha helices predicted to be
structurally similar to those in apolipoproteins E and A–I. Recombi-
nant DTH1LBD bound specifically to phosphatidylethanolamine (PE),
a major phospholipid coating the LD surface. Overexpression of
DTH1LBD in Chlamydomonas phenocopied the dth1 mutant’s defec-
tive TAG degradation, suggesting that the function of DTH1 de-
pends on its ability to bind PE. Together, our results demonstrate
that the lipid-binding DTH1 plays an essential role in LD degradation
and provide insight into the molecular mechanism of protein an-
chorage to LDs at the LD surface in photosynthetic cells.
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Lipid droplets (LDs) are subcellular organelles ubiquitous in
eukaryotic cells. LDs have a neutral lipid core consisting

mainly of triacylglycerol (TAG), which is covered by a phos-
pholipid monolayer decorated with various proteins (1, 2). In
recent years, the functions of LDs have started to emerge, re-
vealing them as key sites for preventing lipotoxicity, maintaining
energy homeostasis, and providing precursors for membrane
resynthesis (3–6).
LDs are generally thought to bud off from the endoplasmic

reticulum (ER) membrane, then undergo expansion, shrinkage, or
degradation in response to environmental as well as develop-
mental cues (7–9). LD formation therefore requires coordination
of TAG synthesis, membrane lipid synthesis, and curvature ad-
aptation, and protein synthesis and recruitment. LD degradation
involves opening up of the protein and lipid coat, followed by
degradation of the core TAGs through lipolysis and/or autophagy
(10, 11). LD-associated proteins are degraded through chaperone-
mediated autophagy in mammalian cells (12) or the ubiquitin-
proteasome system in plant cells (13, 14).
Many LD-associated proteins have been identified, thanks to

the development of high-sensitivity proteomics methodologies:
about 150 in mammalian cells (15), ∼40 in yeast (16), ∼80 in

plant (17), and ∼200 in the model green microalga Chlamydo-
monas reinhardtii (18–20). LD-associated proteins fall into sev-
eral major functional groups: 1) major structural proteins such as
oleosin, perilipin, and the major lipid droplet protein (MLDP)
(2, 18, 21); 2) TAG biosynthetic enzymes, e.g., diacylglycerol
acyltransferases (DGATs) (3, 22, 23) and phospholipid:diacyl-
glycerol acyltransferase (PDAT) (24, 25); 3) proteins involved in
membrane lipid coat synthesis, e.g., cytidine 5′-triphosphate
(CTP):phosphocholine cytidylyltransferases (CCT1) for phos-
phatidylcholine (PC) synthesis (26) and betaine lipid synthase
(BTA1) for synthesis of DGTS (1,2-diacylglyceryl-3-O-4’-(N,N,N-
trimethyl)-homoserine) (18, 19, 27), which is important for LD
growth and expansion; 4) proteins involved in protein coat deg-
radation, e.g., the recently reported PUX10 protein (14, 28); and
5) enzymes of lipid catabolism, e.g., the mammalian adipose tri-
acylglycerol lipase (ATGL) (29). Interestingly, the major TAG
lipase in Arabidopsis (sugar dependent 1, SDP1) is not a consti-
tutive component of LDs in dry seeds, but is recruited to LDs
through peroxisome extensions when TAG remobilization is high
(30), reflecting the dynamic nature of the LD proteome. Nu-
merous proteins potentially involved in vesicle trafficking and
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transport, and proteins of so far unknown function, are also pre-
sent in LDs. In summary, the functions of the majority of LD
proteins remain unknown, and we still do not know how LD
proteins are targeted or anchored to LDs.
C. reinhardtii has been used intensively as a model microalga to

identify molecular players involved in LD turnover. Chlamydo-
monas is unicellular and can be induced to accumulate or degrade
LDs simply by manipulating the level of essential nutrients, such as
nitrogen (N), sulfur and phosphorus, in its medium (31–34). Some
of the proteins necessary for TAG remobilization and LD turnover

have been identified. They include lipases such as LIP1 (diac-
ylglycerol lipase) and LIP4 (TAG lipase) (35, 36) and enzymes of
β-oxidation such as acyl-CoA oxidase 2 and malate dehydrogenase
2 (37, 38). In addition to enzymes of lipid catabolism, CrATG8, a
Chlamydomonas ortholog of ATG8, a critical factor of autophagy
in a wide range of organisms (39), was also reported to be neces-
sary for lipid remobilization in Chlamydomonas (40), suggesting a
role of autophagy in the process.
In this study, we isolated and characterized a gene encoding a

putative protein, which we named Delayed in Triacylglycerol

Fig. 1. Isolation of the Chlamydomonas mutant G-G3 (dth1-1) defective in TAG remobilization. (A) The experimental setup for mutant screening in TAG
remobilization. Chlamydomonas cells were grown in TAP medium containing nitrogen (N) and acetate. Cells were transferred to N-deficient medium to
induce lipid accumulation. Three days later, cells were transferred to medium containing N but no acetate. Mutants delayed in TAG degradation were
isolated. (B) TLC plates on which lipids from three replicate samples of the mutant G-G3 (dth1-1) and its parental line dw15 were separated. At 48 h after N
resupply, the TAG bands in dth1-1 sample were much stronger than those in the dw15 sample. (C) The gene structure of DTH1 in the locus Cre06.g261400. The
triangle marks the insertion site of the APHVIII cassette in the dth1-1 mutant. (D) Genotyping of dth1-1 compared to the parental line dw15. Genomic DNA
fragments were amplified by PCR using the primers indicated by arrows. The primers used for gene-specific amplification were F1 and R1; those for insertion-
specific amplification were F4 and R1. (E) Time-dependent changes in LDs stained with Nile red. Images are pseudocolored orange for LDs and green for
chlorophyll autofluorescence. Bars, 5 μm. (F) TAG amounts in dth1-1 and its parental line dw15. Error bars represent SEs calculated from four biological
replicates. Asterisks indicate statistically significant differences between dth1-1 and its parental line dw15 determined using Student’s t test (P < 0.005). (G)
Comparison of LD volume (Left) and number (Right) between dth1-1 and its parental line dw15 during TAG remobilization. The volume and number of LDs
were quantified using ImageJ software. The volume of LDs inside Chlamydomonas cells (n = ∼35) was measured at each time point. Error bars represent SEs.
Asterisks indicate statistically significant differences between dth1-1 and its parental line dw15 determined using Student’s t test (P < 0.005). (H) Induction of
the DTH1 transcript upon N resupply. The results of quantitative RT-PCR were normalized by RACK1. Error bars represent SEs calculated from three biological
replicates. (I) Immunoblot analysis of DTH1 in dth1-1 and its parental line 12 h after N resupply. The absence of a DTH1 signal in the dth1-1 mutant indicated
that it is a true knockout of DTH1. Immunoblot analysis was performed using an anti-DTH1a antibody. The loading control shown below is the gel stained
with Coomassie brilliant blue (CBB). In E–G, T = 0 h indicates the start of N resupply.
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Hydrolysis 1 (DTH1), that governs LD degradation in Chlamy-
domonas. The mutant dth1 was compromised in LD degradation
during N recovery. DTH1 was localized to LDs and bound
specifically to phosphatidylethanolamine (PE). We present these
and other data supporting the status of DTH1 as an important
player in LD degradation in Chlamydomonas.

Results
The G-G3 (dth1-1) Mutant Is Defective in TAG Remobilization. To
identify genes essential for TAG remobilization in C. reinhardtii,
we isolated insertional mutants that are defective in the process,
using the previously described method of finding mutant cell
lines with higher TAG levels than their parental line (41). To
ensure that TAG remobilization was the only source of energy,
we kept the Chlamydomonas cells in the dark without acetate
upon N resupply (Fig. 1A). One of the mutants, G-G3, retained a
significantly higher amount of TAG than its parental line dw15,
even 48 h after N resupply (Fig. 1 A and B).
To identify the insertion site of the APHVIII cassette in the

G-G3 mutant, we sequenced the region flanking the cassette and
used this in the Basic Local Alignment Search Tool (BLAST)
search of the C. reinhardtii genome (Phytozome V5.5). This
showed that in the mutant G-G3, the APHVIII gene was inserted
in the second exon of the locus Cre06.g261400 (Fig. 1C). We
confirmed the insertion site by genomic PCR, using two different
combinations of primer sets (Fig. 1D and SI Appendix, Table S1).
We named Cre06.g261400 DTH1 (Delayed in Triacylglycerol
Hydrolysis 1) and the G-G3 mutant dth1-1.
To confirm that LD degradation was impaired in dth1-1 cells,

we visualized LDs by Nile red staining at 0, 12, 24, and 48 h after
N resupply. LD fluorescence rapidly decreased in the parental
line, dw15, but remained high in the dth1-1 mutant, even 48 h
after N resupply (Fig. 1E). Lipid quantification confirmed that
TAG degradation was severely compromised in the dth1-1 mutant
compared to dw15 after N resupply (Fig. 1F). We then quantified
the size and number of LDs based on confocal microscopic images
of dw15 and dth1-1 cells. The initial volume of LDs was similar in
dw15 and dth1-1, but after N resupply, the LDs of the parental line

shrank to less than half of their original size in 12 h, whereas those
of dth1-1 remained large even 48 h after N resupply (Fig. 1 G,
Left). The numbers of LDs did not differ much between the
mutant and its parental line under N starvation (i.e., T = 0), but
LDs disappeared earlier in the parental line than in the dth1-1
mutant (Fig. 1 G, Right).
We hypothesized that if DTH1 plays an important role in

TAG remobilization, its transcript level should increase in the
wild type upon N resupply. Indeed, the transcript level of DTH1
increased by sevenfold in the parental dw15 line within 12 h of N
resupply (Fig. 1H). To probe for the presence of DTH1 protein,
we generated two polyclonal anti-DTH1 antibodies, anti-DTH1a
and anti-DTH1b, using two sets of synthetic peptides as antigens
(SI Appendix, Materials and Methods and Fig. S1). The anti-
DTH1 antibodies were raised against five DTH1-specific syn-
thetic peptides whose amino acid sequences are from different
parts of the region between amino acid (aa) 77 and aa 1,275 of
DTH1 (SI Appendix, Fig. S1A). Immunoblot analyses using the
anti-DTH1a antibody showed that DTH1 was present in dw15 at
12 h after N resupply, but it was not detectable in the dth1-1
mutant (Fig. 1I).

Two Additional dth1 Knockout Mutants Are Also Defective in TAG
Remobilization. To validate whether the disruption of DTH1
was responsible for the delay in TAG remobilization in dth1-1,
we obtained two additional mutant alleles of DTH1 (dth1-2,
dth1-3), both in the CC-4533 background, from the Chlamydo-
monas Resource Center (Fig. 2A). Genomic PCR using the two
combinations of primer sets confirmed the information provided
by the Chlamydomonas Library Project (CLiP; www.chlamyli-
brary.org/) (42): the APHVIII cassette was integrated into the
fourth exon of the dth1-2 allele and the 13th exon of the dth1-3
allele (Fig. 2B and SI Appendix, Table S1). The DTH1 protein
was detected in the background line CC4533 using anti-DTH1a
antibody 12 h after N resupply, but was not detectable in the two
dth1 mutants, indicating that they are true knockouts (Fig. 2C).
Upon N resupply following a period of N starvation, both

dth1-2 and dth1-3 exhibited a delay in LD disappearance and

Fig. 2. Two additional dth1 alleles also cause defects in TAG remobilization. (A) The insertion sites of the APHVIII cassette in the Cre06.g261400 (DTH1) locus
in the two mutant alleles. Triangles denote the insertion positions of the APHVIII cassette in the fourth and 13th exons of DTH1 in dth1-2 and dth1-3, re-
spectively, based on information from the CLiP library. (B) Genotyping of the dth1-2 and dth1-3 mutants compared to their parental line CC4533. Genomic
DNA fragments were amplified by PCR using the primers indicated by arrows. Gene-specific amplification was performed using the primer pairs F2-R2 and F3-
R3; insertion-specific amplification was performed using the primer pairs F2-R4 (for dth1-2) and F3-R5 (for dth1-3). (C) Immunoblot analysis of DTH1 in dth1-2,
dth1-3, and the parental line 12 h after N resupply. The absence of a DTH1 signal in samples from the two mutants indicated that they are true knockouts of
DTH1. An anti-DTH1a antibody was used for the immunoblots. CBB was used as a loading control. (D) Observation of LDs stained by Nile red after N resupply.
LDs gradually disappeared in the parental line whereas these two mutants were retained. Images are pseudocolored orange for LDs and green for chlorophyll
autofluorescence. Bars, 5 μm. (E) Quantification of TAG amounts in dth1-2, dth1-3, and their parental line CC4533. Error bars represent SEs calculated from
four biological replicates. Statistical analysis was carried out using Student’s t test (*P < 0.01). In D and E, T = 0 h indicates the start of N resupply.
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TAG degradation compared to their parental line CC4533 (Fig.
2 D and E). Taken together, these data established that DTH1
plays an essential role in LD degradation and TAG remobilization
in Chlamydomonas.

Chlamydomonas DTH1 Is a Protein Present in Some Species Belonging
to the Orders Chlamydomonadales and Sphaeropleales within the
Class Chlorophyceae. Chlamydomonas DTH1 (CrDTH1) is pre-
dicted to contain 2,407 aa and has an estimated molecular weight
of 243.7 kDa. We were not able to clone the entire gene, nor
were able to synthesize it, because it is very long and rich in GC
content (65.76%). On immunoblots probed with the two anti-
DTH1 antibody preparations, strong signals were consistently
detected at around 130 kDa (Figs. 1I and 2C and SI Appendix,
Fig. S1B). Preblocking the anti-DTH1a antibody with the pep-
tides used to raise them abolished the signal at 130 kDa (SI
Appendix, Fig. S1C), supporting our conclusion that the 130-kDa
protein band was indeed DTH1.
However, the entire predicted complementary DNA (cDNA)

sequence seems to be transcribed, since the full sequence of
CrDTH1 appears in the collection of expressed sequence tags
detected from RNA sequencing of samples from various N de-
ficiency time-course experiments (www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE34585) (43) and data collected in Phytozome
through JBrowse view. The discrepancy between the apparent size
of DTH1 determined by immunoblot and the estimated molecular
weight is not understood currently.
We next searched for recognizable motifs in DTH1 using

Multiple Em for Motif Elicitation (MEME) analysis, and iden-
tified three motifs (SI Appendix, Fig. S2) (meme-suite.org/) (44).
The first motif, which is at the N terminus and consists of 5 re-
peats of 7 aa (SI Appendix, Fig. S2A), has no reported function.
The second motif consists of 5 repeats of 10 aa (SI Appendix, Fig.
S2B), and its function also has not yet been studied. The third
motif consists of 5 repeats of 29 aa, located at aa 1,057 to 1,304
(SI Appendix, Fig. S2C). This motif is composed of the alpha-
helical structure similar to protein segment in apolipoproteins
A-I and E, which bind and cover lipoproteins in mammalian cells
(45–48). Because of this similarity, we designated the middle
portion containing the third motif as a lipid-binding domain (LBD)
and focused our subsequent research on this domain. Wheel rep-
resentations of these repeats inside LBD predicted alpha helices
with alternating hydrophilic and hydrophobic portions, indicating
that they are amphipathic (SI Appendix, Fig. S2D) (49, 50).
Proteins with amino acid sequences homologous to that of

CrDTH1 were found in only five species belonging to two orders
of Chlorophyta: Volvox carteri,Gonium pectorale, Tetrabaena socialis,
and Chlamydomonas eustigma, belonging to the order Chlamydo-
monadales, and Monoraphidium neglectum, belonging to Sphaer-
opleales (SI Appendix, Fig. S3). The putative LBD seems to be
conserved in three of these five CrDTH1 homologs (SI Appendix,
Fig. S3A). We made an extensive effort to reconstruct the evolu-
tionary history of DTH1 and its homologs but were unsuccessful
because of the absence of similar proteins outside the two orders
in Chlorophyta (SI Appendix, Fig. S3B). Nevertheless, structural
conservation, rather than primary amino acid sequence, appears
to be the rule among LD-associated proteins.

Loss of DTH1 Does Not Affect the TCA Cycle or β‐Oxidation of FAs.
The next question we addressed was at which step of TAG
remobilization DTH1 functions. TAG remobilization from LD
involves three major temporally and spatially separated steps.
First, LDs are degraded to expose internal TAGs to lipases that
release fatty acids from them. Next, the fatty acids are activated to
acyl-coenzyme A species (acyl-CoAs) that undergo β-oxidation to
produce acetyl-CoA, which, finally, enters the tricarboxylic acid
(TCA) cycle for energy production (Fig. 3A). To pinpoint the step
at which DTH1 functions, we first tested whether the dth1 mutant

has a normal TCA cycle. For this purpose, we compared the
growth of the parental line and dth1-1 during N resupply, with or
without acetate in the medium. Chlamydomonas can produce
acetyl-CoA from exogenously supplied acetate (51). The mutant
dth1-1 showed severely retarded growth compared to its parental
line when the cells were resupplied with N without acetate
(Fig. 3B). With acetate in the medium, however, the dth1-1mutant
grew at the same rate as its parental line (Fig. 3B). These results
indicated that the mutant was able to use the TCA cycle to gen-
erate energy from acetyl-CoA, but could not make acetyl-CoA
from lipids.
We next asked whether the delay in TAG degradation in the

dth1-1 knockout was due to a defect in the β‐oxidation of fatty
acids (FAs). For this purpose, we tested whether the retarded
growth of dth1-1 during the TAG remobilization phase could be
rescued by exogenously supplied oleic acid. Chlamydomonas
cells were induced to accumulate TAGs by imposing N starvation
for 3 d, then transferred into acetate-free Tris-phosphate me-
dium (TP) medium supplemented with 0.5 mM oleic acid in the
dark. The dth1-1 mutant grew much better in the presence of
oleic acid than its absence (Fig. 3C), and its growth rate reached
that of its parental line. These results indicated that dth1-1 can
use oleic acid for growth, and thus is normal in regard to FA
utilization through β‐oxidation. In addition, the growth of the
three dth1 mutants did not differ from that of their parental lines
during optimal growth (SI Appendix, Fig. S4). Together, these
results confirmed that the downstream metabolic pathways in the
dth1-1 mutant are normal and therefore suggested that DTH1 is
involved in earlier steps of TAG remobilization (i.e., upstream of
β-oxidation of FAs).

DTH1 Is Localized to LDs during N Recovery. To provide further hints
on the specific step where DTH1 functions, we localized the
protein by subcellular fractionation and immunogold labeling.
First, we isolated LDs from cells during N recovery (Fig. 4A) and
performed immunoblot analysis to detect DTH1 (Fig. 4B). In the
LD fractions of both parental lines, we detected strong DTH1
bands using the anti-DTH1a antibody, but only very weak bands
when we probed the fractions with antibodies to markers of
various subcellular organelles: NAB1 (nucleic acid binding pro-
tein 1; cytosol), BiP1 (binding immunoglobulin protein 1; ER),
and RbcL (rubisco large subunit; chloroplast) (Fig. 4B). In con-
trast, in the fraction remaining after LD isolation (residual frac-
tion), the DTH1 signal was very weak and the other protein signals
were strong (Fig. 4B). These results suggested that DTH1 was
associated with LDs. Silver staining of all proteins associated with
either the LD or residual fractions also supported this conclusion:
strong bands of ∼26 kDa, the size of the LD marker protein
MLDP (the major LD-associated protein) (20), were detected
only in the LD fraction, not in the residual fraction (Fig. 4C).
To confirm the subcellular localization of DTH1, we performed

immunogold labeling experiments. DTH1a-specific immunogold
particles were associated with LDs in dw15 parental line cells
(Fig. 5 A–C). Other organelles exhibited negligible levels of la-
beling when compared with LDs (Fig. 5D). No gold particles were
discerned in dth1-1 mutant cell sections (Fig. 5E) or in dw15 cells
if the experiment was carried out after omitting the anti-DTH1
antibody from the primary antibody solution (SI Appendix, Fig.
S5). Taken together, both subcellular fractionation and immuno-
gold labeling data indicated that DTH1 is an LD-localized protein.

DTH1 Contains a Domain that Specifically Binds Phosphatidylethanolamine
(PE). Next, we attempted to resolve how DTH1 associates with LDs.
Since the LBD (aa 1057−1304) of DTH1 is structurally similar to
apolipoproteins A-I and E, which bind to lipoproteins in mammalian
cells (Fig. 6A), we tested the lipid-binding ability of the DTH1LBD.
For this purpose, we made a construct consisting of maltose-binding
protein (MBP) fused to the N terminus of the LBD of DTH1,
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expressed it in Escherichia coli and purified the fusion protein using
amylose resin. Purified MBP-DTH1LBD protein was detectable upon
Coomassie blue staining and immunoblot analysis using the anti-
DTH1b antibody (Fig. 6B). To test lipid-binding activity, we used

an in vitro lipid protein overlay assay (SI Appendix, Materials and
Methods) in which native glycerolipids purified from Chlamydomonas
dw15 were spotted on polyvinylidene fluoride (PVDF) membrane
and incubated with purified MBP-DTH1LBD. MBP-DTH1LBD bound

Fig. 3. Growth of dth1-1 during recovery from nitrogen starvation in the dark, with or without acetate or oleic acid supplementation. (A) Schematic rep-
resentation of the major steps of TAG remobilization—LD degradation, β-oxidation, and the TCA cycle—which together provide energy for growth recovery.
(B) Comparison of the growth of dw15 and dth1-1 in the absence or presence of acetate during N resupply. (C) Comparison of the growth of dw15 and dth1-1
in the absence or presence of oleic acid (OA; 0.5 mM) in the TP medium during N resupply. In B and C, error bars indicate SEs (n = 4). Statistical analyses were
carried out using Student’s t test. The growth rates of the dth1-1 mutant and its parental line differed significantly at 12, 24, 36, and 48 h in TP medium (P <
0.005), but were similar in medium supplemented with acetate or oleic acid.

Fig. 4. DTH1 is localized to lipid droplets. (A) LDs obtained by sucrose density gradient centrifugation. The cell lysate remaining after LD isolation (the
residue fraction) was used for comparison with the LD fraction. Chlamydomonas cells were sampled 6 h after N resupply following 3 d of N deprivation. (B)
Immunoblot analysis of proteins associated with the LD and residue fractions prepared from the parental lines dw15 and CC4533. Equal amounts of protein
were loaded in each lane. NAB1 was used as a cytosolic marker, RbcL as the chloroplast marker and binding BiP as an ER marker. (C) Protein gels silverstained
to show the major proteins in the LD and residue fractions. Equal amounts of proteins were loaded in each lane. The black arrow indicates the putative
position of MLDP, the major LD-associated protein of Chlamydomonas.
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specifically to PE, but not to any other major lipids of Chlamydo-
monas (Fig. 6C). Free MBP did not bind to any lipids we tested
under our experimental conditions (SI Appendix, Fig. S6). These re-
sults demonstrated that DTH1 contains a PE-specific binding domain
and is an LD-associated lipid-binding protein.

Overexpression of DTH1LBD in Chlamydomonas Inhibits TAG Remobilization.
We then asked whether the binding of DTH1LBD to PE is necessary
for TAG remobilization in Chlamydomonas. We reasoned that over-
expressed DTH1LBD might compete with native DTH1 for binding to
PE in vivo. If binding to the LBD of the native protein was crucial for
TAG remobilization, then excess DTH1LBD might have a dominant-
negative effect. To test this possibility, we introduced DTH1LBD into
theUVM4 strain ofChlamydomonas and obtained two overexpression
lines (Fig. 7A). Both overexpressing lines were compromised in LD
degradation compared to the background UVM4 upon N resupply
(Fig. 7B). At 24 h following N resupply, TAG levels remained high in
the DTH1LBD overexpression lines relative to the level in UVM4
(Fig. 7C). By contrast, in normal Tris-acetate-phosphate (TAP) me-
dium, there was no apparent difference in growth or other phenotypes
among the three lines of cells (SI Appendix, Fig. S7), indicating that the
overexpressed LBD peptide does not interfere with normal lipid
metabolism under the control condition. Together, these results indi-
cated that binding of DTH1 to PE is important for LD degradation in
Chlamydomonas.

Discussion
DTH1 Is Essential for LD Turnover and TAG Remobilization. We have
presented multiple lines of experimental evidence that DTH1
has an essential role in LD degradation. First, three independent
dth1 knockout mutants showed drastically delayed TAG degra-
dation after N resupply (Figs. 1 and 2). Second, overexpression
of the PE-binding domain of DTH1 phenocopied the dth1
knockout mutation, compromising TAG degradation (Figs. 6
and 7). Finally, DTH1 expression is induced upon N resupply

following N deprivation (Fig. 1H), and DTH1 is localized in LDs
(Figs. 4 and 5). Our lipid-binding assay suggested that DTH1
binds PE (Fig. 6). Furthermore, the effects of overexpression of

Fig. 5. Transmission electron microscopy of immunogold-labeled DTH1 in Chlamydomonas confirms its localization in lipid droplets. (A–C) Immunogold
labeling of DTH1 in a wild-type Chlamydomonas cell (dw15) grown for 6 h under N resupply conditions following 3 d of N starvation. Gold particles (15 nm,
white triangles) are associated with lipid droplets. (B) is a higher-magnification image of the boxed area in A. (C) shows lipid droplets connected to ER el-
ements in another cell. (D) Distribution of immunogold particles in Chlamydomonas cell sections prepared in the same way as those in A–C. Sixty gold particles
from 10 different cells were counted. Approximately 75% of gold particles were seen in lipid droplets. (E) Absence of DTH1 immunogold signals in dth1-1. The
mutant sample was grown under the same condition as the dw15 line shown in A–C. No gold particles were seen in the mutant cell samples. (Scale bars, 500
nm.) CP, chloroplast; Nu, nucleus.

Fig. 6. In vitro lipid overlay assay of recombinant DTH1LBD protein shows
that it binds phosphatidylethanolamine. (A) Schematic representation of the
location of the DTH1 LBD (DTH1LBD) by Swiss three-dimensional (3D) mod-
eling software. (B) Coomassie-stained sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS/PAGE) (Left) and immunoblot (Right) probed with
anti-DTH1b antibody. Recombinant DTH1LBD protein fused to MBP was pu-
rified by affinity chromatography using amylose resin. (C) Lipid overlay assay
using recombinant DTH1LBD protein fragments and PVDF-immobilized lipids
strips (5, 1, 0.5, 0.1 nmol). DTH1 binding was detected by immunoblotting
with anti-DTH1b antibody. Abbreviations: MGDG, monogalactosyldiacylgly-
cerol; PG, phosphatidylglycerol; DGDG, digalactosyldiacylglycerol; PI,
phosphatidylinositol.
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the LBD of DTH1 (Fig. 7) suggest that this domain is important
for lipid degradation in vivo. The function of the LBD may be to
anchor DTH1 to LDs during the LD degradation phase.
Homologs of CrDTH1 exist only in two orders of Chlorophyta

(SI Appendix, Fig. S3). Some CrDTH1 homologs might perform
functions similar to CrDTH1 during recovery from N starvation,
since three out of the five of them also contain all or part of the
LBD. Our extensive evolutionary analysis of the DTH1 LBD did
not yield any convincing matches outside the Chlorophyta, sug-
gesting that DTH1 is unique to this phylum. Another protein
unique to Chlorophyta is MLDP (18). We speculate that CrDTH1
and MLDP might have evolved very quickly, undergoing extensive
modifications that make it difficult to reconstruct their evolu-
tionary history. However, structural similarities might still exist
among LD-associated proteins. Future determination of the
structure of DTH1 might help identify other proteins with similar
functions in other phyla.

PE Is Probably Essential for Anchoring DTH1 to LDs in Chlamydomonas.
Unlike other phospholipids, PE is cone shaped and forms a neg-
ative curvature (52). Because of its unique structure, PE plays
important roles in membrane fusion, disassembly of the contrac-
tile ring, and maintenance of contact sites between subcellular
organelles (53). For example, severe reduction of PE abundance
causes the loss of contacts between the ER and mitochondria in
Saccharomyces cerevisiae (54). In yeast and mammalian cells, PE is
the second most prevalent phospholipid in LD coats, comprising
up to 30% of the total phospholipid in the coat (55, 56). In the
LDs of Drosophila S2 cells, PE (50 to 60%) is the most prevalent
phospholipid on the surface (57). PE has also been identified in
purified LDs from Chlamydomonas (19, 20). Until now, the role of
PE in LD dynamics was not known. There have been reports
hinting that PE is involved in LD degradation: the autophagy
protein ATG8 is activated only when it is conjugated with PE and
is actively involved in LD degradation in many organisms, in-
cluding Chlamydomonas (40). Our results strongly support an
important role for PE in LD degradation in Chlamydomonas. We
showed that a PE-binding protein, DTH1, is localized to LDs
(Figs. 4 and 5) and that the PE-binding domain is critical for TAG
remobilization (Fig. 6). We speculate that PE provides a binding
site for DTH1 and that this binding is an important step in the LD
degradation process. However, PE binding alone is not sufficient
to explain the specific localization of DTH1 to LDs since other
cellular membranes also contain PE. Amphipathic helices are a
signature secondary structure in many Class II LD-located pro-
teins for selective targeting to LDs (58). Similar amphipathic he-
lical structures are repeated in the LBD of DTH1 (SI Appendix,

Fig. S2D). Thus, it is possible that the amphipathic helix in DTH1
helps target it to LDs, and PE binding in particular might be
critical for anchoring DTH1 to LDs. Interactions with proteins
coating LDs may also be necessary for its specific localization
to LDs.

TAG Remobilization Is Important for Growth Recovery under N
Resupply. In medium with no acetate or other carbon source,
the growth of the dth1-1 mutant was severely retarded compared
to that of its parental line (Fig. 3). The growth difference seemed
to correlate with the difference in their ability to degrade LDs: in
the parental cell line, the LDs disappeared rapidly, whereas this

Fig. 7. In vivo overexpression of DTH1LBD in Chlamydomonas compromises LD degradation. (A) Immunoblot analysis of whole proteins extracted from the
cells of DTH1LBD overexpressing UVM4 lines (OE1_LBD, OE2_LBD) and the background UVM4 line grown for 12 h under N resupply conditions. DTH1LBD was
detected with anti-DTH1b antibody. β-tubulin was used as the loading control. (B) Time-dependent observation of LDs stained with Nile red. LDs of two
DTH1LBD overexpressing lines were retained, whereas those of the UVM4 background line were gradually reduced. T = 0 h indicates the start of N resupply.
Images are pseudocolored orange for LDs and green for chlorophyll autofluorescence. Bars, 5 μm. (C) Quantification of TAG amounts in DTH1LBD over-
expressing lines compared to that in the UVM4 background. Cells were sampled at 0 and 24 h after N resupply. Error bars represent SEs calculated from three
biological replicates. Statistical analysis of the difference between the overexpression lines and the background line was carried out using Student’s t test
(*P < 0.005).

Fig. 8. Working model of DTH1 function during LD turnover and TAG
remobilization in Chlamydomonas. DTH1 is likely to be anchored to LDs
through PE binding and functions to degrade LD, possibly by interacting
with other proteins. DTH1 is not involved in the further downstream me-
tabolism of lipids, such as β‐oxidation of fatty acids or TCA cycle operation.
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process was much delayed in the knockout (Fig. 1). Furthermore,
when the growth medium was supplemented with acetate, an
energy source, the growth of dth1-1 recovered to the rate of its
parental line (Fig. 3B). These results suggest that LD degrada-
tion and the energy released from this process are important for
growth recovery in Chlamydomonas when N is resupplied after N
starvation.

A Model for DTH1 Function in LD Turnover and TAG Remobilization.
We started this research aiming to identify a factor important for
TAG remobilization in Chlamydomonas. Our results suggest that
DTH1 functions during the initiation of TAG remobilization
in Chlamydomonas (Fig. 8), but not in downstream metabolic
pathways in the peroxisomes or mitochondria. The fact that the
dth1-1 knockout line did not show any growth retardation com-
pared to the parental line in the presence of acetate demon-
strated that DTH1 is not involved in the TCA cycle (Fig. 3B). We
also excluded the possibility that DTH1 is involved in β‐oxidation
of fatty acids by showing that the growth defect of dth1-1 could
be rescued by oleic acid supplementation (Fig. 3C). These results
support the possibility that DTH1 functions during or before
degradation of TAG to fatty acids.
DTH1 could be involved in one or more of the initial steps of

LD degradation including protein coat removal, lipid coat deg-
radation, TAG lipolysis, and lipophagy. We speculate that DTH1,
anchored to LDs through PE binding, might recruit interacting
partners that contribute to LD degradation. The interacting pro-
teins could include lipases and the proteins involved in lipophagy.
In Chlamydomonas, lipases such as LIP1 (diacylglycerol lipase)
and LIP4 (TAG lipase) are involved in TAG degradation (35, 36),
but none of these are associated with LDs. The Chlamydomonas
atg8 knockout shows delayed TAG degradation (40), indicating
that lipophagy mediated by ATG8 might be important for TAG
remobilization. In Arabidopsis, oleosin, a structural protein of
LDs, is degraded by ubiquitin-mediated proteolysis during TAG
remobilization (13, 14). By analogy, degradation of MLDP, the
Chlamydomonas LD structural protein, might be required for
structural disintegration of LDs prior to LD degradation. Thus it is
plausible that proteins involved in ubiquitination and subsequent
degradation of the LD structure might be recruited to the LD

surface to initiate degradation. Further studies are needed to
determine whether any such proteins are recruited by DTH1 to
LDs during TAG remobilization.
To conclude, our work identified a protein that is essential for

lipid degradation during recovery from N starvation in Chlamy-
domonas. This provides a perspective for understanding the
mechanism of lipid degradation, which is likely to be important
not only in microalgae but also in many other organisms.

Materials and Methods
Strains and Culture Conditions. C. reinhardtii strain dw15 (nit1-305 cw-15;
mt+) was used to generate an insertional mutant library from which
the G-G3 (dth1-1) mutant was isolated (41). Two other alleles, dth1-2
(LMJ.RY0402.135887) and dth1-3 (LMJ.RY0402.198754), and their parental
line CC4533 (cw15; mt–) were obtained from the Chlamydomonas Resource
Center (42). The parental strains were maintained on agar plates containing
TAP (59), and additional supplementation of paromomycin (10 μg mL–1) was
included for mutants. For liquid culture, cells were incubated at 23 °C under
continuous light (60 μmol photons m–2 sec–1) in a shaking incubator at 190
rpm. To induce lipid accumulation, cells were transferred to N-free TAP
medium. To initiate TAG remobilization, cells were transferred to acetate-
free N-containing TP medium and kept in the dark.

Other methods are described in SI Appendix, Materials and Methods.

Data Availability. All data supporting the findings of this study are contained
in the main text and SI Appendix. All study data are included in the article
and SI Appendix.
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